Two different CC-NBS-LRR genes are required for Lr10-mediated leaf rust resistance in tetraploid and hexaploid wheat
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Introduction
Single dominant or co-dominant resistance (R) genes represent a highly effective defense system of plants against pathogens, in particular obligate biotrophic pathogens such as rust fungi. The products of R genes act as immune receptors which directly or indirectly sense the presence of a pathogen and trigger strong defense responses that frequently result in cell death (Jones and Dangl, 2006) and completely stop further pathogen growth. When used in elite plant cultivars under agricultural conditions, R genes are frequently not effective over longer time periods due to genetic adaptation of the pathogen. Newly evolving pathogen races can "overcome" a specific R gene by avoiding detection through R gene products. Therefore, there is a constant need for additional, new resistance genes in plant breeding. It was suggested that landraces, germplasm from the primary and secondary gene pools of a particular species as well as wild relatives are ideally suited to identify new functional variants of agronomically relevant genes (Feuillet et al. 2008; Baum et al. 1992) .
Typically, R genes encode proteins with an N-terminal coiled-coil (CC) or Tollinterleukin receptor type (TIR) domain, a nucleotide binding site (NBS) domain and an extended domain of leucine-rich repeats (LRR, for recent reviews see Bent and Mackay, 2007; McDowell and Simon, 2008) . Typically, diversifying selection was observed in the LRR domain, particularly in the xxLxLxx motif of the individual LRR units proposed to form a solvent-exposed β-sheet (Dodds et al., 2001) . It was suggested that, in cases of a direct interaction of the R gene product with the pathogen effector, these amino acids are conferring biochemical specificity to the interaction (Jones and Jones, 1997; Dodds et al., 2001) . In contrast, the N-terminal domain is usually highly conserved in allelic series of R genes. For example, in the MLA or PM3 powdery mildew resistance proteins in barley and wheat, respectively, the CC domain is completely conserved (Bieri et al., 2004; Yahiaoui et al., 2006) . A whole genome study of paralogous NBS-LRR genes from Arabidopsis showed that most of the positively selected sites were in the LRR domain, whereas only few such sites were identified in the N-terminal domain (Mondragon-Palomino et al., 2002) .
The N-terminal domain of R proteins has been shown to interact with a variety of different proteins. For example, the N-terminal domain of RPS5 interacts with the host protein PBS1 which is the target of a pathogen effector (Ade et al. 2007 ) whereas the CC domain of the barley MLA protein interacts with WRKY transcription factors (Shen et al., 2006) . Furthermore, there is evidence that the N-terminal domain of the tobacco N resistance protein associates with the pathogen "effector" molecule p50 of the tobacco mosaic virus (Burch-Smith et al. 2007) . Only in one case, the TIR domain of an R gene (flax L gene) was found to be partially under diversifying selection (Ayliffe et al., 1999 , Luck et al., 2000 . These data suggest that the N-terminal domain of R proteins can be involved in both recognition and signalling processes as well as intramolecular interactions (Rairdan et al., 2008) .
NBS-LRR genes frequently occur in clusters and the evolution of new alleles is driven primarily by point mutations which are then reshuffled by illegitimate recombination or gene conversion, either within or between genes (Michelmore and Meyers 1998; Kuang et al. 2004; Wicker et al. 2007 ). There are also simple genetic loci with single R genes such as the Rps5 gene in Arabidopsis (Tian et al., 2002) and the L gene in flax (Luck et al., 2000) . The allelic diversity of Rps5 in the gene pool of Arabidopsis was shown to be very low (Tian et al., 2002) while the L allelic series shows functionally different variants of the gene.
The resistance gene Lr10 against wheat leaf rust Puccinia triticina encodes a CC-NBS-LRR protein and occurs together with a second CC-NBS-LRR coding gene called RGA2 (Feuillet et al., 2003) . LR10 and RGA2 have only very distantly related protein sequences and belong to different ancient evolutionary lineages in grass genomes (Wicker et al. 2007) . While Lr10 and RGA2 are present on chromosome 1AS only in a subset of hexaploid wheat lines, a homoeologous RGA2 gene is always found on chromosome 1DS in hexaploid wheat (Scherrer et al., 2002) . Interestingly, two major haplotypes were observed at the Lr10 locus on 1AS in diploid, tetraploid and hexaploid wheat: either both genes were present (haplotype H1) or both genes were absent (haplotype H2) (Scherrer et al., 2002) . This demonstrated that the two haplotypes are evolutionary ancient, with a presence vs. absence polymorphism indicative of balancing selection. Moreover, large-scale sequencing of the Lr10 locus showed that the H2 haplotype is a deletion derivative of the H1 haplotype (Isidore et al., 2005) .
Finally, the H1 haplotype was found in less than 25% of a collection of 62 hexaploid lines investigated, but was predominant in diploid and tetraploid accessions (Scherrer et al., 2002) .
Here, we wanted to study the molecular diversity and evolutionary forces that have shaped the Lr10 resistance locus and the possible role of RGA2 in Lr10-mediated resistance. Allele-mining in the wheat gene pool yielded two new functional alleles of Lr10. Additionally, the analysis of a 22 Lr10 alleles from diploid and tetraploid wheat revealed strong diversifying selection acting on the N-terminal domain, suggesting that it is the site of interaction with pathogen effector molecules. Finally, functional studies demonstrated that the RGA2 gene is required for Lr10-mediated resistance, providing evidence for the need of two different CC-NBS-LRR proteins for leaf rust resistance.
Results

Characterisation of Lr10 orthologous genes from wild and domesticated diploid and tetraploid wheat species
In this work we analyzed two genes present at the wheat Lr10 locus: Lr10 and RGA2.
We named the genes to include the name of the wheat variety as well as the type of gene (e.g. the two genes from cv. Langdon will be referred to as Langdon_Lr10 and For comparison, we performed the same analysis on 12 publicly available alleles of flax rust resistance gene L whose N-terminal domain has been described as possibly being under diversifying selection (Luck et al. 2000) . We found by PAML analysis a lower density of amino acids under diversifying selection than in LR10: within the TIR domain (N-terminal ~180 aa), we found 6 amino acids with a posterior probability of >99% and 10 with p>95%. Arabidopsis that are more similar to them than they are to each other (data not shown).
Langdon_RGA2
RGA2 is longer than Lr10 as it contains a partially duplicated NBS domain (Figure 3).
Multiple alignments showed that sequence variability in RGA2 is much lower than in dicoccoides. These contain one divergent region of about 500 bp that was probably introgressed through a gene conversion event ( Figure 3 ). PAML analysis failed to identify any amino acid residues which are under diversifying selection. In fact, the overall ω for the RGA2 genes was 0.315, indicating strong purifying selection.
Functional Lr10 genes are present in the tetraploid wheat gene pool
As some of the Lr10 and RGA2 sequences from tetraploid wheat are highly similar or Cloutier et al. 2007 ). These data demonstrate that Lr10-based leaf rust resistance in tetraploid and hexaploid wheat depends on both the Lr10 gene earlier identified by mutagenesis as well as on the RGA2 gene, making it one of the rare examples in which race-specific resistance depends on more than one NBS-LRR protein.
Expression of Lr10 and RGA2 genes after virus-induced gene silencing
To determine the efficiency of silencing, expression of the Lr10 and RGA2 genes in ( Figure 5 ). However, Langdon_RGA2 was expressed at a significantly lower level than in the resistant Altar ( Figure 5 ). We conclude that the Lr10 and RGA2 genes from
Langdon are not a functional haplotype mediating resistance to AvrLr10, either because of alterations in gene expression of the RGA2 gene or because of the three amino acids changes in the Langdon_LR10 protein.
Discussion
In this study we found that the Lr10 locus mediating resistance against wheat leaf rust differs from most other studied R loci in two aspects: first, a strong diversifying selection was observed in the N-terminal domain of the protein, and second, both the Lr10 and RGA2 NBS-LRR coding genes are required for Lr10-mediated resistance.
The diversity study in the wheat gene pool identified a domesticated, tetraploid wheat cultivar (Altar) with an identical Lr10 allele to the one found in 
Diversifying selection in the N-terminal domain of the LR10 protein
In many plant NBS-LRR proteins, the LRR domain and in particular the solventexposed residues of the β-sheet substructure are under diversifying selection (DeYoung and Innes, 2007) . Surprisingly, the LR10 protein showed conservation in the NBS and LRR domains, whereas strong diversifying selection was detected in many Residues under diversifying selection were located mostly in a predicted CC or leucine zipper structure (Feuillet et al. 2003) which is characterized by heptads with hydrophobic residues at the a and d positions (Lupas and Gruber, 2005) . Leucine zippers are known to form strong secondary and tertiary structures, for example in the transcription factor GCN4 where they promote the formation of homodimers (reviewed by Lupas and Gruber, 2005) . In LR10, hydrophobic residues were conserved while the other residues in the heptad repeat are highly polymorphic and showed a high probability of being under diversifying selection. Three of the most diverse positions were all in the presumably solvent-exposed position c of the heptad repeat. This unexpected pattern suggests that the selected amino acid residues are directly involved in host protein-pathogen effector interactions.
There are several possible explanations for the observed sequence diversity: for example, the diversifying sequence could be the target of a protease effector protein that inactivates LR10. Proteolytic cleavage would be reduced by mutations in the target sequences, whereas the overall structure of the hydrophobic heptad repeat would be conserved. In the tomato/Cladosporium fulvum pathosystem, the fungal protease inhibitor AVR2 was found to target defense-related plant proteases, thereby exhibiting selection for variant proteins less sensitive to inhibition (Shabab et al. 2008) . In this system, a strong diversifying selection was found for amino acids around the substrate binding groove. 
Two different, genetically closely linked NBS-LRR coding genes are required for
Lr10-based resistance RGA2 differs from Lr10 as it is extremely well conserved in all wheat accessions analysed. Indeed, the nucleotide diversity among RGA2 genes is almost 7 times lower than in Lr10 genes and between 7 and almost 30 times lower than in a recently published set of 12 R genes from different plant species (Jiang et al., 2007) . Two different models could explain the requirement for the two proteins. First, LR10
Surprisingly, VIGS demonstrated that both
and RGA2 are both involved in recognition of the pathogen effector, for example as a heterodimer or as part of a larger protein complex. Second, RGA2 could be active downstream of LR10 in the signal cascade resulting in resistance. Currently, there is no evidence for any of these models. We did not find any physical interaction of LR10 and RGA2 protein domains in a yeast-two-hybrid screen (our unpublished data), although it has to be considered that a physical interaction might only occur in the presence of the pathogen effector. The strong conservation of RGA2 seems to be more compatible with a downstream activity, whereas the diversifying selection on LR10 would indicate that this protein is in direct interaction with the pathogen effector.
Lr10 and RGA2: which one is the R gene?
The original identification of Lr10 as the effective resistance gene was based on the identification of three independent point mutations located in the Lr10 gene and transformation (Feuillet et al. 2003) . In these transformation experiments, Lr10 and RGA2 were co-bombarded in overexpression constructs. Interestingly, the lines which showed good resistance were always transgenic for both Lr10 and RGA2 (Feuillet et al. 2003 ; our unpublished data). The only exception was one plant which showed resistance but its progeny was weak and did not set seed (Feuillet et al. 2003) . These transformation studies provide additional evidence that both genes must be present for effective resistance. Possibly, the fact that in three independent mutants of Lr10-mediated resistance the mutations were located in the same gene is just accidental and in additional Lr10 mutants, mutations might be found in RGA2.
However, there is also an alternative explanation: in hexaploid bread wheat the A-and D-genome copies of RGA2 are very similar and it might be that the D-genome copy can fully substitute for a defect A-genome copy of RGA2. This would not be the case in diploid and tetraploid wheat (which do not contain a D genome) and therefore, there would have been selection for maintaining the A genome copy, a situation which is in agreement with the observation of high frequency of the H1 haplotype (where Lr10 and RGA2 are both present). Following this line of reasoning, the Lr10 gene might be deleterious to wheat if its function would not be "controlled" in some way by RGA2. In addition, this hypothesis postulates that the ratio of LR10 and RGA2 is critical for correct functioning. Thus, it remains to be investigated how such a control mechanism might work and if RGA2 is a protein which specifically modulates the LR10 output.
Experimental procedures Plant material, PCR experiments and gene silencing
Accessions or varieties of wheat lines, leaf rust infection type, geographical origins and seed providers are listed in Table 1 base-pairs 104 to 388 (primers 118-CL and 122-CL) was used as a control (Cloutier et al. 2007) . In vitro transcription of the viral subgenomes was performed using the kit mMESSAGE mMACHINE® T7 Kit (Ambion, Austin, USA). Leaf rust infections were performed on five day old seedlings as described by Schachermayr et al. (1995) in Langdon, while primers Git_F1 and Git_R1 amplified a 530 bp fragment from Gitit G18-16. Phenotypes were determined following a standard procedure (Schachermayr et al., 1995) after infection with leaf rust isolate isolate BRW 97512-19 avirulent on Langdon.
Sequence analysis
Multiple sequence alignments were done with CLUSTALW (Thompson et al., 1994) using a gap creation penalty of 3.0 and a gap extension penalty of 0.01. Putative gene conversion events were identified with DnaSP (ub.es/dnasp/) using the two-gamete method by choosing two sets of at least three and five sequences, respectively (the minimum required by DnaSP) containing the region of interest. CC structures were predicted with the program COILS (ch.embnet.org/software/COILS_form.html). Visual representation of multiple alignments was done with a home-made Perl script available upon request. PAML (http://abacus.gene.ucl.ac.uk/software/paml.html) was used to determine Ka/Ks ratios. Likelihoods of more complex models to null models M 0 (which assumes neutral codon evolution) were compared. Also Likelihoods of M1a (nearly neutral codon evolution with two codon classes allowed to take on values from 0 ≤ ω 0 ≤ 1 or ω 0 = 1) were compared with those of a more complex model M2a (diversifying selection), which incorporates an additional positively selected sites class (ω 2 > 1), and M3 (which assumes three discrete site classes). Results of analyses using model M7 and M8 were also compared, which both assume a β -distribution for 0 ≤ ω ≤ 1, with the latter model allowing for an extra class of sites with ω > 1. Posterior probabilities for each codon site to belong to one of the selection classes was calculated. Codons with a posterior probability >0.95 were considered positively selected (i.e. ω > 1).
Accession numbers
Lr10 and RGA2 DNA sequences are deposited at GenBank under the accession numbers EU675942 -EU675971 (see also Supplementary Table 3) .
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Virus-induced gene silencing
γ-capsids of the viral barley stripe mosaic virus were engineered to integrate fragments of genes of interest which were used to infect wheat seedlings (Holzberg et al., 2002) .
Primer sequences included a PacI restriction site at the 5' end and a NotI restriction site at the 3' end of the gene fragment to allow antisense cloning in the viral capsid. was used as a control (Cloutier et al. 2007 ). Primers and positions of constructs are summarized in Supplementary Table 1 and Supplementary Figure 1 .
Two constructs targeting the
In vitro transcription of each of the linearised viral subunits (α, β, and modified γ) was performed using the kit mMESSAGE mMACHINE® T7 Kit (Ambion, Austin, USA).
Wheat seeds were grown in a climate chamber under a 16h light-regimen (600 μE, 20°C). Five days after germination, seedlings were infected with the viral RNA (Scofield et al. 2005 ) and viral infection was stimulated by increasing daylight temperature to 25°C. Leaf rust infections were performed as described by Schachermayr et al. (1995) using the isolate Puccinia triticina BRW 97512-19.
Quantitative real-time PCR
Total RNA was isolated from leaves of Thatcher, [Thatcher+Lr10] and cvs. Langdon following a standard procedure (Schachermayr et al., 1995) after infection with the leaf rust isolate isolate BRW 97512-19 avirulent on Langdon.
Sequence analysis
Database searches were done with the stand alone Blast software from NCBI (ncbi.nih.gov). Pairwise sequence alignments were done with the EMBOSS program WATER (http://emboss.sourceforge.net/) and DOTTER (Sonnhammer and Durbin, 1995) . Multiple alignments were done with CLUSTALW (Thompson et al., 1994 ) using a gap creation penalty of 3.0 and a gap extension penalty of 0.01.
Homologs of Lr10 and RGA2 were identified by BLASTN and/or BLASTX against the whole genome sequences of Arabidopsis, Brachypodium distachyon, rice and sorghum. The genome sequences were retrieved from the following resources:
Arabidopsis version 6 and rice version 5 from tigr.org, Brachypodium from brachypodium.org and sorghum from phytozome.net/sorghum. Coding sequences of all homologs were determined by comparison with Lr10 and RGA2 and annotated by hand.
Putative gene conversion events were identified with DnaSP (ub.es/dnasp/) using the two-gamete method. Regions with apparent gene conversions were tested separately by choosing two sequence sets of at least three and five sequences, respectively (the minimum required by DnaSP), which contained the region of interest. CC structures were predicted with the program COILS (ch.embnet.org/software/COILS_form.html).
The visual representation of multiple alignments was done with a home-made Perl script which is available upon request.
Phylogenetic analyses
Phylogenetic analysis was performed with the PHYLIP package (http://evolution.genetics.washington.edu/phylip/) using the protein sequence parsimony method (PROTPARS) on 100 bootstrap replicates with jumbling the order of sequences 3 times for each replicate.
PAML (http://abacus.gene.ucl.ac.uk/software/paml.html) was used to determine nonsynonymous-synonymous substitution (Ka/Ks) ratios. Likelihoods of more complex models to null models M 0 (which assumes neutral codon evolution) were compared.
Also Likelihoods of M1a (nearly neutral codon evolution with two codon classes allowed to take on values from 0 ≤ ω 0 ≤ 1 or ω 0 = 1) were compared with those of a more complex model M2a (diversifying selection), which incorporates an additional positively selected sites class (ω 2 > 1), and M3 (which assumes three discrete site classes). Results of analyses using model M7 and M8 were also compared, which both assume a β -distribution for 0 ≤ ω ≤ 1, with the latter model allowing for an extra class of sites with ω > 1. Posterior probabilities (p.p.) fore each codon site to belong to one of
